Nanowires are presently investigated in the context of various biological and medical applications. In general, these studies are population-based, which results in sub-populations being overlooked. Here, we present a single cell analysis of cell cycle and cell movement parameters of cells seeded on nanowires using digital holographic microscopy for time-lapse imaging. MCF10A normal-like human breast epithelial cells and JIMT-1 breast cancer cells were seeded on glass, flat gallium phosphide (GaP), and on vertical GaP nanowire arrays. The cells were monitored individually using digital holographic microscopy for 48 h.
Introduction
Nanowire arrays have been used extensively as cell culture substrates, for various applications such as mechanosensing, 1-3 neural interfacing, [4] [5] [6] [7] [8] and cell transfection. [9] [10] [11] Nanowire arrays have been shown to be biocompatible with limited detrimental effects on cell viability, although other parameters such as cell migration and cell proliferation may be affected. 12 However, like standard culture substrates, nanowire arrays are different from the in vivo cell environment. Indeed, the cell behavior differs on nanowire substrates, depending on the cell type and nanowire array geometry. For instance, L929 fibroblast cells seeded on low density (0.1 nanowires per mm 2 ) arrays exhibit a lower motility compared to flat substrates, whereas their motility on high density arrays (4 nanowires per mm 2 ) is similar to the one of cells seeded on flat substrates. 13 The rate of proliferation of L929 cells is also lower on nanowire substrates compared to cells seeded on flat substrates. 14 We have recently proposed the use of nanowire arrays to investigate cellular mechanosensing in the field of cancer research. 15 We have used hexagonal arrays of vertical nanowires to measure the traction forces exerted by MCF7 breast cancer cells and MCF10A breast epithelial cells when growing on top of the array. 3 In that study, we suggest that monitoring cellular traction forces is useful for evaluating the mechanisms of action of anticancer drugs. However, in order to use these arrays routinely, it is necessary to closely examine how nanowires affect the cell proliferation and migration of both cancer and normal cells. Moreover, in order to avoid cell sub-populations being overlooked, which is of special importance in cancer research, it is crucial to perform single cell analysis.
Here, we assess how the proliferation and movement of human JIMT-1 breast cancer cells and normal-like MCF10A cells are affected when seeded on gallium phosphide (GaP) nanowire array substrates, compared to flat GaP and glass. To gain an increased understanding of the variability in cell behavior, and detect cell sub-populations, we have performed single cell analysis using digital holographic microscopy, in addition to bulk analysis.
Experimental

Nanowire array fabrication
Hexagonal nanowire arrays were defined by patterning a GaP(111)B substrate with gold seeds using electron beam lithography (EBL).
The substrate was coated with the EBL resist SX AR-P 6200/6 (4000 rpm, 60 s) and subsequently baked on a hot plate at 180 1C for 5 min. A hexagonal array of holes at a density of 2 mm À2 was defined in the resist using EBL (VOYAGER, Raith GmbH). The holes were made using single pixel dot exposure mode (single pixel dose of 30 fAs), followed by development in n-amyl acetate for 60 s, followed by 15 s rinsing in isopropanol (IPA) and drying under nitrogen. A 20 nm thick gold layer was deposited on the substrate using thermal evaporation followed by a lift-off process in 1165 Remover at 60 1C. The sample was subsequently rinsed in IPA and dried under nitrogen. GaP nanowires were synthesized using metal organic vapor phase epitaxy (MOVPE) based on a previously reported method. 16 Briefly, GaP substrates with Au nanoparticle arrays (prepared as described above) were placed in a MOVPE reactor (Aixtron 200/4) and annealed at 650 1C in a H 2 /phosphine atmosphere for 10 min in order to remove native oxide from the surface. The temperature was then gradually lowered to 440 1C. A 3.3 AE 0.2 mm long and 96 AE 3 nm thick GaP segment (Fig. S1 , ESI †) was grown from trimethylgallium and phosphine precursors at a molar fraction of 8.9 Â 10 À6 and 6.9 Â 10 À3 , respectively. The nanowire array geometry was characterized using scanning electron microscopy.
Cell culture
The human breast cancer cell line JIMT-1 (ACC-589) was purchased from the ) with no associated phototoxicity, making it suitable for extended time imaging.
After image acquisition, the time-lapses were analyzed by individual cell tracking using Hstudiot. The tracking is semiautomated, using a frame-by-frame algorithm attempting to find each tracked cell in the next frame based on the centroid position. The software allows for manual changes when the algorithm fails to predict the correct position. From Hstudiot, data about cell cycle time and cell movement can be extracted.
The data acquired from the tracking of cells in the digital holographic images was used to create cell family trees (Fig. 1 ). The tracking of each cell family started in the first image and the tracked cells were characterized by their fate. A cell tracked from the first image of the time-lapse until its division is called a mother cell and is marked with a green X in Fig. 1 . For a mother cell, the start of the cell cycle is unknown. After division, the individual daughter cells were also tracked. If it was possible to track them throughout a full cell cycle, i.e. until the next division, they are marked with a full circle in Fig. 1 . If it was not possible to track a daughter cell throughout the entire cell cycle, it is marked with a pink X in Fig. 1 . A cell that does not divide at all throughout the tracking period is marked with a blue X in Fig. 1 . Different factors contribute to interrupted tracking before the end of the time-lapse, the most common ones being that cells migrate out of the field of view, or that cells clump together and can no longer be distinguished.
Statistics
The computer language R was used for drawing figures and statistical analysis (R Core Team, 2015). For comparison of the effect of the substrates, a post hoc pairwise comparison of twoway ANOVA was performed. For all samples, six time-lapse movies from three different samples were analyzed.
Results and discussion
In the following, we refer to time as the elapsed time in the time-lapse image acquisition, i.e. t = 0 corresponds to the beginning of time-lapse imaging and t = 48 h to the end of the imaging period. Representative videos of both cell lines on all substrates can be found in the ESI † (Fig. S2-S7 ).
Bulk analysis of cell density and proliferation
Before initiating single cell analysis, we used the data to get an overview of cell proliferation. Fig. 2 shows the number of cells obtained from individual frames of the time-lapse images at 0, 12, 24, 36, and 48 h. Each data point is the mean of the cell numbers obtained from six frames, each with an area of 0.0025 cm 2 . This gives only an approximate estimate of the bulk cell proliferation, as the field of view is small. For both cell lines, the number of cells counted on flat GaP and nanowire substrates is lower than on glass ( Fig. 2A and B) . The MCF10A cells were more affected by seeding on flat GaP and nanowires compared to glass than were the JIMT-1 cells i.e. the difference in cell number between glass and the two GaP substrates was larger in the former cell line. The lower cell density on flat GaP and nanowires suggests that, cells seeded on these substrates, either have a poor attachment, are slower at initiating proliferation, and/or have a lower rate of proliferation. It has been shown that the density of possible binding points for integrin receptors on the cell substrate is critical for efficient cell attachment and spreading. 20 Glass and GaP substrates are both planar with potentially no physical restraint for cell attachment. However, the surface of GaP wafers used in this study is atomically flat, therefore cells may have difficulties attaching to it, as topography is another important factor in cell attachment. 21, 22 In contrast, on the nanowire substrates used here, the distance between nanowires is around 680 nm, which could be too large to allow for optimal cell attachment. 20, 23 That could result in a delayed onset of cell proliferation after seeding, which would be manifested in the lower cell number 24 h after seeding as shown in Fig. 2A and B (time 0 in the time-lapse). In order to quantify the effect of underlying substrates on cells, the data of Fig. 2 was used to calculate the number of generations and the population-doubling time (PDT) using the mean cell count values of time-lapse images at time 0 and 48 (Table 1) . Whereas for JIMT-1 cells, the PDT is constant irrespective of the substrate, the PDT of MCF10A cells is slightly longer on flat GaP compared to glass and more than 3 times longer on nanowires compared to when seeded on flat GaP substrates.
Single cell analysis of cell division
In order to get a deeper understanding of cell division on the different substrates, individual cells were tracked in each frame of the time-lapse images and the data were analyzed longitudinally. We began by investigating the time to first division of all cells that are visible in the first time-lapse frame, and which also divided during this measurement window (i.e. cells labeled with green X in Fig. 1 ). Cells that divided immediately when starting the measurement have proceeded through interphase during the first 24 h after seeding and are in mitosis at the starting point. If all initially observed cells are in active cell cycle progression, the plot should reach 100% when a time equivalent to the cell cycle time has passed. Fig. 3 shows the percentage of the initially visible cells (i.e. cells described as blue X and green X in Fig. 1 ) that have divided as a function of elapsed time for JIMT-1 and MCF10A cells seeded on the different substrates. Note that although the data are compiled from 6 time lapse movies and 3 different samples, the data points are aligned on the same curve without discontinuities for a given cell line and substrate type. This shows the low variability in cell cycle time between cells in different movies and in different replica experiments and it illustrates the reproducibility of the experiments.
From Fig. 3 , it is apparent that the two cell lines react differently to the three substrates. JIMT-1 cells are moderately affected by the nanowire and flat GaP substrates while the MCF10A cells are highly sensitive to the substrate they are seeded on. These differences in behavior may be due to genetic alterations present in the cancer cells, giving them a higher probability to adapt to various environmental stresses, which promotes cancer cell survival. 24 After analyzing the time to first division, cell family trees were constructed from cells that were observed during the measurement window from start to end. For each tree, the number of cell divisions in the branch exhibiting most cell divisions was quantified. The number and proportion in percentage of all cell trees that could be tracked during the entire measurement is shown in Table 2 . For JIMT-1 cells, this proportion varies a Number of generations calculated using the formula N = N 0 Â 2 n where N is the cell number in the frame at time 48 and N 0 the cell number in the first frame i.e. t = 0. N is the number of generations. b Population-doubling time (PDT) calculated from the number of generations during 48 h. between 65% and 78% without any marked difference between substrates. For MCF10A, however, fewer cell trees could be tracked during the entire measurement window, compared to JIMT-1 cells, except for those on nanowire substrates. This could possibly be explained by differences in cell migration between the two cell types, with more mobile cells of MCF10A leaving the field of view at earlier time points (see section below on cell migration). On glass, the shorter cell cycle time of MCF10A cells compared to JIMT-1 cells is reflected by the higher number of cell divisions, up to five cell divisions for MCF10A cells. In line with the observed variations in PDT in Table 1 , there is a shift towards fewer cell divisions when JIMT-1 and MCF10A cells are seeded on flat GaP and nanowires compared to controls.
The decrease in number of cell divisions is more pronounced for MCF10A cells than for JIMT-1 cells.
Next, we analyzed the fates of all cells, including cells that migrated out of the field of view during the time lapse imaging period (Fig. 4) . The upper part of each panel shows the distribution of cell cycle times for all cells that progressed from mitosis to mitosis i.e. a whole cell cycle during the observation time. The lower part of each panel shows the tracking time period of cells that did not divide (i.e. the time interval where they are in the field of view). The green crosses are mother cells, visible from the first frame. Therefore, their individual tracking time is equal to the elapsed time. The data in Fig. 4 are gathered from 6 time-lapse movies and 3 different samples. All the different cell types were found in each data set in each sub-figure) . n is number of cells. , mother cell. J, daughter cells with complete cell cycles. , tracking not complete due to different causes. , cell that did not divide during the total time-lapse. See Fig. 1 
duration, and cells that could not be tracked during the entire experiment duration).
The mean cell cycle time and number of cells that divide is presented for JIMT-1 and MCF10A (Fig. 4) cells cultured on the different substrates. The mean cell cycle time of JIMT-1 cells that divide is similar on all three substrates (Fig. 4A, C and E) .
For MCF10A cells, the mean cell cycle time is similar for cells seeded on glass and flat GaP (Fig. 4B and D) , despite much fewer cells completing a full cell cycle on the latter substrate. In contrast, the cell cycle time of the few MCF10A cells that completed a whole cell cycle on nanowires was substantially prolonged compared to glass and flat GaP substrates (Fig. 4F) .
In this study we observed that the bulk cell proliferation is hampered when cells are seeded on flat GaP and nanowire substrates. However, individual cell analysis revealed that the cell cycle time of cells that actually divide on these substrates is similar to that of cells seeded on glass. One may speculate that the few cells that continue dividing on flat GaP and nanowire substrates constitute a specific phenotypic population of cells. Thus, further studies of cell behavior on these substrates should include phenotypic identification to further our understanding of individual cell behavior.
Cell movement
The cell substrate strongly affects the number of cells that can be tracked through the entire time-lapse imaging period (Fig. 4) . For instance, fewer cells could be tracked on flat GaP and nanowire substrates compared to glass for both cell types. The reduction in traceable cells was more pronounced for MCF10A cells than for JIMT-1 cells. However, this could be the result of different degrees of cell movement on the three substrates, resulting in a variation in the number of cells leaving the field of view.
Using the HoloMonitor s M4 time-lapse data, we have extracted information about cell movement. The total accumulated cell movement over time is defined as motility and the shortest distance between the first cell position and the point where the cell can be found in each image is defined as migration. During the time-lapse acquisition, motility constantly increases, while migration can increase or decrease depending on the cell trajectory. In the cell trees shown in Fig. S8 and S9 (ESI †), the color correlates to motility and the size of the rings correlates to migration. Fig. S10 displays how cell motility and migration are distributed within the cell trees found in Fig. S8 and S9 (ESI †). Motility and migration are dependent on the time of tracking. For cells exhibiting high migration, the risk of moving out of the frame during the tracking period is increased and when they have moved out of the frame, they will not be included in the calculation of migration. Therefore, to be able to include all cells in the analysis of movement parameters, we have analyzed the speed of all tracked cells, which is independent of tracking time ( Fig. 5A and B, max motility speed and Fig. S11 (ESI †), max migration speed). For both cell lines, the maximum motility speed is the highest for cells seeded on glass and the lowest for cells seeded on nanowire substrates ( Fig. 5A and B) . The maximum motility speed ( Fig. 5A and B ) and the maximum migration speed (Fig. S11 , ESI †) are higher for MCF10A cells compared to JIMT-1 cells on all substrates. This can explain the lower number of MCF10A cells that are traceable throughout the entire imaging period, compared to JIMT-1 cells (Table 2) . We have also determined the average migration directness, which is a measure of the linearity in migration (migration/ motility) ( Fig. 5C and D) . When the value is one, the cell has moved away from its starting position in a straight line. MCF10A cells display higher migration directness when seeded on glass and flat GaP compared to JIMT-1 cells on those substrates (Fig. 5C and D) . The migration directness is significantly lower for MCF10A cells seeded on nanowires compared to the two other substrates (Fig. 5D ). This suggests that the difference in number of MCF10A traceable cells on nanowires compared to flat substrate is due to differences in cell proliferation rather than migration.
Our data shows that cells move differently on glass, flat GaP, and nanowire substrates. We have previously shown that L929 cells move at different rates depending on nanowire density. 13 Others have also shown that the composition of the substrate affects cell movement. 25 It is important to stress that cell behavior may be different on arrays of different nanowire array geometries. For instance, we and others have shown that cells behave differently on arrays of various densities and nanowire lengths. 6, 14, 26 In contrast, the nanowire diameter and material do not affect the cell behavior significantly. 6, 27 In the present study, we have tested the same nanowire array topography as the ones used in our force assays in order to gain knowledge on how cells are affected by the underlying nanowire arrays.
Conclusions
We have tracked individual JIMT-1 breast cancer cells and MCF10A breast epithelial cells on glass, flat GaP, and GaP nanowire substrates using digital holographic microscopy. We investigated cell proliferation and cell movement using bulk data analysis and single cell analysis. The two cell lines studied behave differently, both in terms of proliferation and cell movement, on flat GaP and GaP nanowire substrates compared to when seeded on glass. Compared to JIMT-1 cells, MCF10A cells are more severely affected when cultured on flat GaP or nanowires than on glass. One may speculate that this is related to the higher adaptability of cancer cells to a foreign environment driven by genomic instability. Whereas bulk analysis revealed an increase in PDT of MCF-10A cells on flat GaP and nanowire substrates, single cell analysis of MCF-10A cells revealed that this increase in PDT is due to the presence of different sub-populations. Therefore, our data suggest that there are sub-populations of cells that react differently to the substrates, which highlights the importance to perform individual cell analysis. These different populations presumably represent different phenotypes, which are not observed in bulk cell analysis. In addition, our data clearly show the importance of investigating many cells, although this is a time-consuming process at present.
Here, we choose to analyze all cells in order to avoid excluding relevant data. Future studies will aim at understanding the molecular mechanisms responsible for the different behaviors on nanowire substrates, which is a requirement for using nanowires in cell biological applications.
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